Abstract-In this paper, a modernized sophomore level course in Electrical Measurements is described. The course is customized to electronics majoring students and recognizes the fact that computers influenced electrical measurements: most of the instruments are microcontroller based nowadays, and all the measurement data are processed by computers, at least to type them down. Eight novel laboratory exercises are described, and all of them involve the use of computers at some level. All of the exercises are computer centered, starting from pure data processing, progressing towards automated measurement systems. Experiences from teaching the course are shared, and a suggestion confirmed by a student poll to move from eight to ten exercises is proposed. Basic idea is that for a course to survive it should respect technological improvements as they are applied in everyday practice. All of the software used in the course is free software, available both to students and universities with its source code.
I. INTRODUCTION
A course in Electrical Measurements is pretty common in curricula for electrical engineering majors, usually located at the sophomore level. At this stage, students are already familiar with basic mathematics and physics required to teach the first course in electrical measurements, and are in the process of gaining knowledge in circuit theory and basic electronics. The course described in this paper fits this description, and its purpose is to teach students to be comfortable in the laboratory, to be able to perform routine measurements, to build simple circuits, and to gain enough lab practice to enable them to smoothly complete more complex lab exercises required by subsequent courses focused to electronics.
Situation before the Electronics Measurements course was modernized was that it was a common course for students majoring in Electronics, Telecommunications, Signals and Systems, Applied Physics, and Computer Engineering. The course was shared among several departments and different teachers, and teaching style as well as the lab exercises emerged as a compromise between different opinions and interests. Since there were more than enough available teachers, the author of this paper decided that it would be the best to separate student groups and to customize the teaching style and material to their specific needs. This paper describes how the course Electrical Measurements was reformed to suit the needs of the Department of Electronics.
The course syllabus covers basics of measurements, some legal metrology, units, measurement uncertainty, the use of galvanometers in ampere meters, voltmeters, and ohmmeters, some signal conditioning and electronics, oscilloscope, and bridge based measurement systems. The students used to perform lab exercises in a laboratory common to all student groups, which required too many compromises, which is caused by different needs of different study groups, available equipment, and different teaching styles of different teachers. For example, for Electronics majors is essential to provide thorough understanding of oscilloscope and to provide students with skills needed to assemble their own circuits, to be able to identify components and perform measurements of their parameters, to verify their behavior. Other study groups had different focuses, for example some students were not that keen in assembling circuits. For Electronics majors Electrical Measurements is one of the fundamental courses, required in the curriculum. For some other students, that's just an optional course intended to broaden their scope. As a result of these diverse aims and approaches, and after two decades of experience, customizing seamed to be a better option than compromising.
II. BASIC PRINCIPLES
The first principle behind reforming the course was to provide laboratory exercises on up to date equipment used in everyday engineering practice, so called "real world" principle. The course should provide students with skills required to follow subsequent electronics courses with ease and to smoothly move from academic environment to professional engineering environment. In this aim, the laboratory exercises are scheduled to be performed in the Electronics Lab, on the same equipment that would be used in subsequent courses. The equipment is up to date, considering the environment, all of the devices used in the lab are either manufactured today, either their slightly improved successors. The equipment is obtained through Tempus JEP 17028-02 project.
The second principle was to use computers in the measurement, data processing, and documenting processes as it is used in everyday practice. The students are at the sophomore 978-1-5090-3843-5/17/$31.00 c 2017 IEEE level, thus they had more than enough practice in drawing diagrams by hand. In engineering practice, the students will be expected to be able to provide computer generated graphics, so such skill is taught. However, the influence computers made in electrical measurements is far beyond the documenting. Today, handheld multimeters are digital. Oscilloscopes are digital. Signal generators are digitally controlled. Power supplies at least have digital indication of the output voltage and current, if not being fully digitally controlled. Reading the digital data provided by digital instruments, to collect them using paper and pencil just to type them back to a computer for data processing and documenting is a waste of human labor. Having this in mind, instrument networking and introduction of SCPI [1] commands and LXI [2] compliant instruments are included in the course. Last, but not the least, a principle used in the class was to use free software [3] exclusively. Besides reducing the cost, free software provides additional educational benefits [3] , like the access to source code and the ability to learn from it.
The third principle was to integrate the knowledge learned in other courses and to design laboratory exercises to follow and illustrate concepts being taught in more theoretical courses. In this sense, excellent coordination and cooperation is obtained with the Electric Circuit Theory course, such that circuits with distributed parameters are illustrated in the lab just after being taught in the Electric Circuit Theory course. In this manner, the knowledge is integrated, instead the topics taught in various courses remaining as isolated islands.
The fourth principle was to design the lab exercises having our best students in mind. The aim was to provide enough interesting material and challenging tasks to keep our best students busy for two hours, the duration the lab session lasts. To pass the exercise, a very basic part is required, but the students are encouraged to do more, and enough teaching material is provided. This approach is initiated by increasing diversity of ability and motivation among our students. The aim is not to impede the best of them focusing to the average, but to provide them an opportunity to develop their skills and abilities further.
These were the basic ideas and aims in reforming the course. To achieve the goals, we should revisit available equipment.
III. EQUIPMENT
Basic equipment available to design the new set of laboratory exercises is organized in student workbenches that contain oscilloscope Tektronix TDS 1002 equipped with a communication port, Agilent 33220A signal generator [4] , and Agilent E3630A triple output DC power source [5] . Each workbench is equipped with a computer. Available computers are out of date, with slightly limited performance. To overcome this, Linux Mint MATE, 32-bit edition is chosen as an operating system. This turned out to be an excellent choice, since there were no problems with sluggish response of the computers, neither we experienced problems with computer viruses which were expected since the students use USB flash drives to save their experimental data.
Besides the fixed equipment, at each workbench two Fluke 111 multimeters [6] are available, as well as one DT-838 or RTO-1035N multimeter. Also, at each bench a protoboard is available, as well as a set of electronic components for each lab exercise.
The list of available equipment is reasonable, fits the standard equipment in electronic laboratories, and for our standards is up to date, sufficient to teach students to operate modern equipment. Our task is to use the available equipment to design educationally valuable exercises.
IV. LAB EXCERCISES
Lab exercises are organized such that twelve students work in the lab simultaneously. They are organized in six pairs, and one pair works at one bench. Whenever possible, all of the pairs do the same lab at the same time (for the next year the plan is to avoid any exceptions from this rule). In this manner, it is easier to communicate, since all of the students work on the same problems, and announcements apply to all of them. During the lab sessions, the students were taken care of by two laboratory engineers, each of them taking care of six students. The best and the most experienced staff is allocated to handle Electrical Measurements, since this is the first lab course the students experience, and the fundamental one.
The lab exercises are organized following the listed principles, assuming that lab exercises in Fundamentals of Electrical Engineering are completed, covering basic measurements of voltage, current, and resistance. Furthermore, the lab sessions are organized to follow lectures in Electric Circuit Theory, to illustrate in practice the concepts taught there. In parallel with Electrical Measurements [7] , the same students attend Software Tools in Electronics [8] , where the same computational platforms were used. The aim was to integrate the courses and to avoid unnecessary repeating and fragmentation of the knowledge. In personal communication, the teachers agree that this is to the benefit of all courses involved.
A. Lab 1: Multimeter, DC Power Source, and Protoboard
The first lab is sort of a refresher, with relatively few new elements. The students should have been already familiar with the basic use of multimeters. Purpose of the lab is to acquaint the students with the multimeters used in the Electronics Lab, to measure their input resistance while operating as ammeters and voltmeters. Next, the DC power source used in the lab is introduced, and students are supposed to measure its voltage in a number of points simultaneously, and to compare the readings. The point is to illustrate that the same multimeter models, from the same manufacturer, from the same series of instruments (serial numbers next one to another) provide different readings of the same voltage. Mathematical part of the exercise is to apply linear least squares method to fit the data and to mutually correlate readings of the voltmeters using a linear function. The last part of the exercise is to measure
. RC circuit used to measure the capacitance.
resistance taking measurements of current and voltage in a number of points, and to determine the resistance fitting the line trough the obtained data points using the linear least squares method. Such choice of topics is made having in mind that the exercise starts relatively early in the semester, when the lectures did not cover oscilloscope sufficiently to include it in the lab.
B. Lab 2: Oscilloscope and Signal Generator
This is the first of oscilloscope based exercises, and its aim is to acquaint the students with the oscilloscope and the signal generator. Basic manual controls are covered, and the only computer related tasks are downloading the oscilloscope screenshots. Tasks include setting the signal generator to provide signals specified by their waveform type, voltage levels, frequency, and duty ratio, measurements on these signals, and documenting the measurements. An important part of the exercise is a series of tasks intended to teach students to synchronize the oscilloscope. The last part of the exercise is to measure capacitance using an RC circuit of Fig. 1 by measuring the rise time and the fall time of the of v 2 .
C. Lab 3: Control of Instruments Using a Computer, Automated Measurements, and Statistical Processing of Measurement Results
The third lab exercise is the first in the group of exercises that provide advanced content not being taught before. Students are assumed to have some experience in GNU/Linux operating system environment, especially with the command line, since the course goes in parallel with the Software Tools in Electronics [8] course. To control the instruments, Python language [9] , [10] is used. The students are introduced to ipython [11] interactive Python environment, as well as the PyLab [12] numerical computation environment.
The first part of the exercise covers control of the signal generator using a computer. This part begins with verifying the connection between the computer and the signal generator. The generator IP address is determined, and the connection is checked using the ping command. When the connection is verified, control of the signal generator using a web browser is demonstrated. The generator IP address is typed as the browser target address which connects the browser to the signal generator internal web server. Front panel of the instrument is displayed on the computer monitor, and the instrument could be controlled using the keyboard and the mouse.
For more sophisticated control, the fact that the signal generator is LXI [2] compliant instrument is used. Communication is provided using VXI-11 [13] protocol using module [14] . The work is performed in ipython interactively. Some basic SCPI commands are introduced to control the generator screen and to set waveforms and their parameters.
The second part of the exercise covers oscilloscope connectivity using RS-232 port. The communication is supported using PySerial [15] module and relevant SCPI [1] commands are introduced. The students are required to perform some basic queries and to assign some parameter values to the oscilloscope. Queries related to oscilloscope direct measurements are detailed. Actually, all constructs needed to completely control the oscilloscope are covered, and with the programming manual which lists available commands students should be able to write their own programs.
The third part of the exercise covers statistical processing of measurement data. At first, the oscilloscope is used as a voltmeter, utilizing direct voltage measurement query. Repeated measurements of a fixed voltage obtained by a DC voltage source are performed, and mean value and standard deviation are computed. The first ten measurements are performed manually, and automated measurements taking 100 and 1000 samples are performed next. Finally, the students are required to assemble a simple voltage divider circuit, and its transfer curve is automatically recorded assigning DC values to the signal generator and reading the voltage divider output using the oscilloscope. The transfer characteristic is automatically obtained fitting a line through the measurement results using the linear least squares method. This lab exercise is quite different in comparison to any of the exercises in Electrical Measurements as they were taught before. Integration of automated measurement systems is illustrated in two simple systems, and only free software components are used.
D. Lab 4: Impedance Measurement Using Oscilloscope
The fourth lab exercise integrates the knowledge gained in previous exercises and relatively few new elements in the area of instrument control are introduced. Instead, the exercise focuses on understanding basic electric circuits and methods to measure parameters of circuit elements. The lab is synchronized with the lectures in Electric Circuit Theory. Basic circuit used to measure impedance is shown in Fig.  2 . Voltage v 1 presents the impedance Z X voltage, while its current is computed as
where R is a resistor of known resistance, in this case R = 1 kΩ. Fig. 2 . Basic circuit used to measure impedance.
The first impedance to be measured is resistance, and measuring v 1 and v 2 the unknown impedance Z X = R X can be determined as
where V 1 and V 2 are either amplitudes or RMS values of respective voltages. Besides the two methods described, the third method to process the data is introduced, in which samples of v 1 and v 2 are taken, corresponding samples of i X are computed from (1), and through the obtained data points the optimal line is fitted using linear least squares. This method is time consuming, since it requires the waveform samples to be transferred to the computer, taking about 20 seconds per measurement.
Although in theory the same results should be provided by all three of the methods, repeated measurements indicate slightly different values of the resistance and quite different statistical properties of the methods. The students are challenged to analyze the difference, at first qualitatively, and for advanced students quantitative analysis is a challenge. Furthermore, the students are encouraged to think which method they would choose as the best, and to analyze compromises that affected the choice.
After the basic techniques are introduced using a resistor, the method is generalized to components with purely reactive impedance. In this case, the formula to compute absolute value of the reactance according to amplitudes or RMS values of the voltages is
which for capacitors reduces to
where f is the frequency. This provides two measurement methods, the one based on the oscilloscope direct peak-topeak value measurement, while the other one based on the oscilloscope direct RMS value measurement. Again, these two methods would provide slightly different average, and quite different standard deviation of the repeated measurement results.
The third method to measure capacitance is to apply the linear least squares method to relate the capacitor voltage and the charge. Introduction of this method is motivated both by its value to illustrate the concepts of circuit theory, and to illustrate application of a relatively complex method which is simple to implement using digital instruments and a computer. Charge of the capacitor needs to be computed from the current (1) samples applying numerical integration
for k ∈ {0, . . . n − 1}, where Δt is the time interval elapsed between two subsequent samples, n is the total number of samples collected per period, and
are the samples of the capacitor current computed using (1). The integration constant is determined such that the mean value of the charge samples is equal to zero, subtracting the mean value of q C0 [k]
from each of the samples
to obtain the charge sequence. It is worth to underline that this method requires that n samples cover the whole number of periods of the capacitor current, otherwise the mean value would not be computed properly. The capacitance is computed fitting a line through the points
) using the method of linear least squares assuming dependence q C = C v C . As in the case of resistors, statistical properties of repeated capacitance measurements obtained by the described three methods are computed and performed, which involved automated measurements.
In the same manner, inductors are processed using the described three methods with the formulae adjusted to the inductor case. Besides that, measurements of mutual inductance are introduced applying the method of measuring inductance of two windings connected in series in two opposite directions and computing the mutual inductance from the results of these two inductance measurements.
The last task in the exercise is to apply MATH menu of the oscilloscope to present the waveform of the current, i.e. the waveform of the voltage on the resistor R of Fig. 2 to determine amplitude and the phase of the current in regard to the impedance voltage, v 1 . Out of these measurements, both components of the impedance could be computed, the real part and the imaginary part, measuring its absolute value and phase.
Although this exercise did not bring any new elements regarding equipment, students considered it difficult since abundance of new information had to be integrated in a short period of time. For the next year, some restructuring is planned to simplify the exercise by giving students more time to grasp the concepts. 
E. Lab 5: Analysis of Nonlinear Elements and Systems Using Oscilloscope
This is the second of the lab exercises in which already described instruments are used to perform real world measurements. Again, focus of the lab is to train students to use the equipment and to illustrate concepts learned in other courses, in this case Fundamentals of Electrical Engineering, where ferromagnetic materials and hysteresis curves were addressed, and Fundamentals of Electronics, where diodes and transistors were addressed.
The first part of the lab is theoretically more demanding, since it requires understanding of the method used to determine hysteresis curves applying the circuit of Fig. 3 . The two winding method is used to avoid effect caused by resistive voltage drop on the winding that produces magnetomotive force by the current passing through, which is avoided introducing the second winding that senses the core flux by electromagnetic induction and does not carry any current. The core flux is computed numerically integrating the winding voltage, using the same techniques as described to compute the capacitor charge (5) to (7) , and related to the magnetizing current used to produce the magnetomotive force, measured as it produces voltage v 1 across the resistor R S . Two ferromagnetic cores are analyzed and several amplitudes of the magnetizing current are applied for each of them, to illustrate operation in linear mode, as well as the saturation effects.
As even more demanding part of this exercise, measurement of incremental mutual inductance between the windings is introduced, at first manually, to illustrate and teach the technique, and after that a program is run that performs the task automatically, to illustrate both operation of an automated measurement system and the nonlinear effects of the core saturation on the incremental mutual inductance.
The second part of the exercise deals with recording of transfer curves of nonlinear resistive elements. Three circuits are considered: a circuit designed to record a diode current as a function of the diode voltage, a common emitter amplifier , and a class B amplifier. The curves are obtained using ramp waveform of the signal generator and recorded by recording the input and the output voltage waveforms and plotting their mutual dependence. In the case of the diode, the diode current is computed using the methods of Fig. 2, (1) . Students are not required to understand details of the the circuit operation for the class B amplifier, but they are already familiar with the first two nonlinear circuits. Point of the exercise is to teach the students to assemble these circuits on the protoboard, to obtain and observe the curves, and to determine frequency range in which the circuits are adequately modeled as resistive. This especially applies to the common emitter amplifier , which is driven in the whole operating range from cutoff to saturation, where at a certain frequency the transfer curve observably splits into two curves, forming a closed loop. At about 100 kHz the curve completely transforms in a loop, and it is obvious that parasitic capacitance plays a significant role in predicting the circuit behavior. During the exercise, students are asked to identify cutoff, amplifying and saturation regions.
F. Lab 6: Measuring Parameters of AC Waveforms
This lab exercise brings a topic common to Electrical Measurements courses as taught previously, covering rectifiers in their application to identify RMS values of sinusoidal signals from the average value of a rectified signal. The topic is somewhat obsolete now, since almost all of available multimeters are true-rms nowadays. However, there is an education value in the exercise: to teach students to assemble circuits with asymmetrical components like diodes, to study rectifiers, and to understand how quantities are measured indirectly by transforming to other quantities that are measurable. The exercise covers half-wave and full-wave rectifiers, as used both in voltmeters and ammeters, with emphasis on influence caused by the forward voltage drop, which is usually only briefly covered in lectures.
The second part of the exercise covers peak voltage detectors and their frequency response. The purpose is to illustrate effects caused by the output filter time constant and forward voltage drop at the diodes. This part of the exercise ends with the envelope detector, which is a natural extension and an effective example for displaying signals with widely separated frequencies, illustrating the use of persistence parameter in the oscilloscope display options. Also, this example relates Electrical Measurements to the Telecommunications course which is scheduled to follow.
G. Lab 7: Frequency Response and AC Bridges
The seventh lab exercise is double feature and deals with frequency response and AC bridges.
In the fist part of the exercise, frequency response is recorded in a number of points for three simple benchmark circuits: RC low-pass filter, RC high-pass filter, and RLC band-pass filter. All of these circuits are covered in the course of Electric Circuit Theory. Educational aim is to teach the students to measure phase, with emphasis in its sign. The students should identify reference signal, determine an event that characterizes the time reference point, like the rising zero crossing of the signal, and to look for the same event in the signal whose phase is measured in the range from half period before to half period after the reference point. Phase leading corresponds to positive phase, while phase lagging corresponds to negative phase. In this educational aim, the RLC circuit is of special value, since the phase changes its sign in the observed frequency range.
As a special and effective example of the frequency response, input filter of the oscilloscope applied to provide AC coupling is analyzed. The same signal from the signal generator is connected to both of the channels, the first is set to DC coupling, while the second is set to AC coupling. Varying the frequency from 3 Hz to 300 Hz operation of the filter is analyzed, illustrating that there is a range of frequencies in which the AC component of the signal is significantly damped along with the complete removal of the DC component. Finally, a program is run that automatically records the amplitude response of the filter.
The second part of the exercise is a rather classical topic, AC bridges. The first bridge to be covered is De Sauty bridge to measure capacitance, which in a potentiometer balancing version is depicted in Fig. 4 . The oscilloscope is used to detect balance. Balancing the bridge using decade resistor box is analyzed next. Maxwell bridge to measure inductance is the topic that follows. Finally, Wien bridge is used as an example of frequency dependent bridges, and utilized to measure frequency.
H. Lab 8: Measurements on Circuits with Distributed Parameters
The last lab exercise is somewhat peculiar, since it deals with measurements on circuits with distributed parameters, and had not been taught before. Three segments of 50 Ω coaxial cable of total length of 20 m were used to illustrate the concepts, connected using four T-connectors to observe the signals at the connection points and to introduce malfunction effects. A short cable is used to connect the signal generator to the first of the segments and the first channel of the oscilloscope. Also, 50 Ω termination is used in some of the measurements, as well as a sort circuit termination. Besides that, a termination that connects the cable to the protoboard is used to demonstrate effects caused by a mismatch between the termination impedance and the line characteristic impedance. The setup is depicted in Fig. 5 . The first of the measurements deals with the wave propagation. The signal generator is set to generate narrow pulses at 1 MHz, with 1 V in amplitude and 25 ns in width. Propagation of the pulse is analyzed for all seven of possible connections of line segments, each time the line was terminated by its characteristic impedance, and propagation time and attenuation were measured. The propagation time measurements are used to determine lengths of the segments knowing permittivity of the transmission line dielectric, and thus the wave propagation velocity.
The second part of the exercise is focused to transmission line malfunctions and their positioning. All three of the line segments are connected in series and properly terminated. The oscilloscope is set to show the signal at the beginning and at the end of the line and on three locations, at the end of each segment, two different malfunction causes are introduced: by opening the line and by short circuiting the line. Waveform at the beginning of the line is recorded, as depicted in Fig. 6 for the short-circuited line. Measuring the pulse travel time, position of the fault is determined.
The next topic to be analyzed are the effects of closing the transmission line with an impedance different from the characteristic impedance. Several cases of the wave reflection are recorded. to sinusoidal, and the frequency is varied, keeping the same amplitude. Root-mean-square value of v 1 of Fig. 5 is measured as a function of frequency, and the result is presented in Fig. 7 . The measurements are automated. As predicted in theory, the line passes through an infinite number of resonances, changing the input behavior from almost an open circuit to almost a short circuit. Resonances of the same type occur at every 5 MHz for the given line, and the students are required to compute the length of the line segment out of this information, and to compare it to the results previously obtained on the basis of the wave propagation time. TO IMPROVE THE COURSE During the first year of teaching the reformed course, 45 students attended the lab exercises. Experience the teacher and the associates that controlled the lab gained is that exercise 4 covering the impedance measurements using the oscilloscope, exercise 5 dealing with the analysis of nonlinear elements and systems, and exercise 7 dealing with the frequency response and AC bridges required too much from our students. We decided that it would be better to cover the same material in ten exercises instead of eight, introducing exercises "Analysis of Resistive Elements and Systems" and "Analysis of Dynamic Elements and Systems" instead of the exercise 5, taking some parts out of exercise 4, and to split exercise 7 to exercises "Frequency Response" and "AC Bridges".
V. EXPERIENCES AND PLANS FOR THE NEXT YEAR
Regarding the fact that increasing the number of lab exercises is highly unpopular among students, we decided to ask them for an opinion in a questionnaire. The poll resulted in 80% of the students in favor of 10 exercises and 20% of the students in favor of 8 exercises.
According to the poll results and our opinion, for the next year a slight modification is scheduled, and there will be ten exercises covering the same educational content.
VI. CONCLUSION In this paper, reforming of an Electrical Measurements course is described. The course is reformed and modernized to be customized to the needs of the students majoring in Electronics, and to adjust the course to the current practice in performing electrical measurements, which is heavily dependent on computers, both in doing measurements and in data processing. Eight newly developed laboratory exercises are described. Experiences of teaching the course are shared and discussed, and it is suggested that the same teaching material for the lab exercises should be divided in ten exercises instead of eight, to provide students more time to complete the experiments and to study the topics in more detail. To verify the idea, a poll is performed, and 80% of the students opted for ten exercises instead of eight.
It is worth to mention that all of the lab exercises were developed and are performed using free software. The software developed for the course is also free, available at [7] . In this manner, both the low cost of implementation and educational benefits of free software were gained.
VII. ACKNOWLEDGEMENT
The author would like to thank laboratory engineers Vladan Božović and DušanĆurapov for their help in setting the experiments and their valuable and creative inputs in shaping the lab exercises. The author would also like to thank Professor Milan Bjelica for his suggestion to introduce circuits with distributed parameters in lab exercises and his suggestions how to organize such experiments using equipment already available in the lab.
